Purpose. Discomfort and reduced visual performance due to glaring light conditions are common complaints for most individuals. Past studies have shown that macular pigment (MP) reduces discomfort due to glare. In this study, we evaluated whether MP was related to visual performance under glare conditions. Methods. Thirty-six healthy subjects participated (age range, 18 to 41). Spatial profiles of MP optical density were measured using heterochromatic flicker photometry with a Newtonian-view macular densitometer. Photostress recovery and grating visibility under veiling conditions were assessed in a Maxwellian-view optical system. Both experiments used six monochromatic lights (from 440 to 620 nm) and a broadband xenon white. For the veiling glare experiment, subjects fixated a 1°-diameter disk containing a black and white 100% contrast grating stimulus. The intensity of an annulus (the glare source) with an 11°inner and 12°outer diameter was adjusted by the subject until the grating stimulus was no longer seen. For the photostress recovery experiment, the time required to detect a 1°-diameter grating stimulus (detailed above) after a 5-s exposure to a 2.5 W/cm 2 , 5°-diameter disk was recorded. Both central and eccentric (10°temporal retina) viewing conditions were assessed. Results. MP at 30Ј eccentricity ranged from 0.08 to 1.04 OD, and was found to dramatically reduce the deleterious effects of glare. Visual thresholds under glare conditions were strongly related to MP density (e.g., r ϭ 0.76, p ϭ 0.0001 when using white light). Photostress recovery time, after exposure to xenon-white light, was significantly shorter for subjects with higher MP levels (r ϭ Ϫ0.79, p ϭ 0.0001). Both photostress recovery and veiling glare functions were well-described by the photopic spectral sensitivity function (V ). Conclusions. MP is strongly related to improvements in glare disability and photostress recovery in a manner consistent with its spectral absorption and spatial profile. (Optom Vis Sci 2007;84:859-864) 
H uman ocular tissues contain high concentrations of the dietary carotenoids lutein (L) and zeaxanthin (Z). 1 These pigments are concentrated in the inner layers of the primate fovea, 2 and they are typically referred to as macular pigment (MP). It is generally assumed that the presence of these pigments is not incidental but rather that such high accumulation in functionally important areas (like the fovea) implies that MP serves some function. Probably the best known and studied function is based on the idea that the pigments protect the retina from oxidative damage that accrues with age. This protection is based on the fact that MP filters potentially actinic light (mostly within the visible range of 400 to 500 nm, a spectral region often referred to as the "blue light hazard"), and L and Z are known to be active lipidbased antioxidants. By protecting the retina and, by extension, the retinal pigment epithelium, from degenerative change, MP could retard or even prevent the development of age-related macular degeneration (AMD).
In addition to the protective hypothesis, a number of other ideas have been posited regarding MP function. These hypotheses focus largely on the possibility that MP improves visual performance by virtue of its filtering properties and its selective placement in the inner layers of the fovea, a small area with exaggerated importance in vision. These purely optical hypotheses were originally summarized by Walls and Judd (1933) , 3 with reference to all intra-ocular yellow filters, and then later by Nussbaum et al. (1981) , 4 with specific reference to MP.
1. To increase visual acuity by reducing chromatic aberration. 2. To promote comfort by the reduction of glare and dazzle. 3. The enhancement of detail by the absorption of "blue haze." 4. The enhancement of contrast.
Walls and Judd argued that the ubiquity of intraocular yellow filters in nature (as opposed to retinal filters with other absorptive qualities, such as red filters) support the idea that yellow filters do play an important role in vision. In contrast to the protective hypothesis, however, most of the visual performance hypotheses have not been empirically studied. The possibility that MP improves the optical quality of images is important, of course, for a number of reasons. For example, supplementing L and Z could improve the visual performance of the elderly or individuals with AMD (e.g., see Olmedilla et al., 2003 5 and Richer et al., 2004 6 ) through optical means,0 irrespective of whether these carotenoids actually affect underlying biological changes.
Of the optical hypotheses, the acuity hypothesis (1) has been the most studied (starting with the original description by Schültze 7 ) yet seems the least plausible. Although quantitative modeling by Reading and Weale 8 suggested the hypothesis was feasible (see the arguments by Mclellan et al. 9 ), empirical data have not supported the hypothesis. 10 Wooten and Hammond 11 also quantitatively modeled the visibility hypotheses (3 and 4) and argued that the MP could improve vision through the atmosphere by absorbing shortwave dominant air light (blue haze) that produces a veiling luminance over spectrally flat objects viewed at a distance. Although feasible, this hypothesis has not yet been empirically studied.
The optical hypothesis that has received the least attention is referred to here as the glare hypothesis (2) . Implicit to this hypothesis is the idea that SW light is a strong contributor to the visual discomfort associated with exposure to a strong glare source. This possibility was confirmed recently by Stringham et al. 12, 13 Stringham et al. 12 showed that visual discomfort resulting from a glare source was much higher for SW light than for mid-or-long-wave light. Subjects with higher MP density were shown to be able to handle more short-wave light before an aversive response (quantified by EMG recordings of squinting) was elicited. This effect was not found in the parafovea where MP density is optically negligible. 13 Although these studies suggest that MP reduces visual discomfort due to glare/dazzle (i.e., discomfort glare), they do not address whether subjects can actually see better under glare conditions (i.e., disability glare). Assessing this possibility was the goal of the present study. Decrements in visual performance could result from both veiling light that reduces the contrast between an object and its background and photopigment depletion and regeneration rates. To test these possibilities, we measured visibility thresholds under veiling conditions, and photostress recovery times.
METHODS Subjects
Thirty-six healthy subjects, 22 women and 14 men, participated (mean age ϭ 25.5, SD ϭ 4.1 years; range ϭ 18 to 41). Thirty of the 36 subjects in our sample were white, four were black, and two were Hispanic. All observers were color normal, and, based on self-report, none had a history of visual pathology. The subjects were also asked (via questionnaire) about iris color. Based on their response, eight subjects had dark brown, twelve had brown, eight had blue, four had green, three had hazel, and one had gray irises. Only the right eye of each subject was measured. Each subject participated in the three experiments detailed below. Subjects were recruited from the population (students and staff) at the University of Georgia. This study was approved by the institutional review board of the University of Georgia, and the experimental procedures adhered to the tenets of the Declaration of Helsinki. We analyzed whether any personal characteristics (sex, age, and iris color) were related to our results and found that they were not. These variables are therefore not included in the general presentation of our results.
Apparatus, Glare Experiments
A two-channel standard Maxwellian-view optical system with a 1-kW xenon-arc lamp source was used for the veiling glare and photostress recovery experiments. To maintain precise alignment with the optical system, a custom fit dental impression bite bar was made for each subject. The subject's test eye (the right eye) was illuminated with infrared light, and monitored via a CCD camera and video monitor in an auxiliary optical channel to ensure proper alignment and fixation during the experiments. For the veiling glare experiment, we used the standard stimulus configuration, a test target surrounded by an annulus. One channel of the optical system produced the target stimulus, a 1°-diameter disk containing a black and white 100% contrast grating stimulus. The spatial frequency of the grating was 5 cycles per degree. The luminance of the bars within the grating was 0.1 cd/m 2 . This light was achromatic but contained significantly more mid-and-long-wave energy than the light used for the achromatic annular condition. For example, when comparing the relative energy of the test and achromatic annulus, the test contained about 20% more energy in the mid-and-long-wave region (e.g., from 500 to 625 nm). The second channel of the optical system produced an annulus concentric with the target stimulus, with 11°inner and 12°outer diameters. The size of the annulus was chosen to spatially obviate absorption by MP, which decreases to optically undetectable levels at approximately 5 to 7°retinal eccentricity. 2 The light forming the annulus was either achromatic (in one condition), or monochromatic with wavelength varying from 440 to 620 nm. The xenon light source was rendered monochromatic by interference filters (half-power bandwidth ϭ 8 nm, Edmund Optics, Barrington, NJ).
For the photostress recovery experiment, the same 1°target stimulus described above was used. In the second channel, a 5°-diameter disk served as the photostress stimulus. As with the veiling glare experiment, an achromatic condition and monochromatic wavelengths from 420 to 640 nm were used. The lights were equated for energy (2.5 W/cm 2 ); the xenon stimulus was determined to be 5.5 log trolands, and the 550 nm monochromatic stimulus 6 log trolands. The photostress stimulus was presented for 5 s using a Vincent Associates (Rochester, NY) shutter. Two conditions were tested: central and eccentric viewing. For the central viewing condition, subjects fixated the center of the target stimulus before photostress. For the eccentric viewing condition, a 10Ј black fixation point was placed 10°in the temporal retina. All photometric 860 The Glare Hypothesis of Macular Pigment Function-Stringham and Hammond calibrations were performed using a PR 650 spectral radiometer (PhotoResearch, Inc., Chatsworth, CA). Wedge and neutral density radiometric calibrations were performed using a Graseby Optronics UDT (Orlando, FL). The same UDT was used before every experimental session to ensure that the total light output of the optical system remained constant.
Procedure, Glare Experiments
Before testing, subjects were aligned to the optical system. Careful adjustments were made such that the arc image (1.5 mm diameter) was in focus and in the plane of the subject's pupil. For the veiling glare experiment, subjects first viewed the grating stimulus, and then the annulus was presented. The annulus was set at a level well below that which would cause the target stimulus to be veiled. The subject was then instructed to adjust, via a neutral-density wedge, the intensity of the annulus until the target stimulus was no longer visible. Often, subjects went beyond the threshold of visibility, and then adjusted the wedge to decrease the intensity of the annulus to pinpoint their threshold. Subjects were instructed to carefully maintain their criterion threshold. Five measures were taken for each test light. The order of presentation of the different test lights was randomized so as to control for potential order effects. The duration of the veiling glare experiment was approximately 30 min.
For the photostress recovery experiment (typically conducted on a different day), the same alignment procedure was used. The subject was first instructed to view the grating stimulus. After approximately 30 s, the subject was presented with the photostressor for 5 s. The lights used in this experiment were intense (2.5 W/cm 2 ), and to control for reduced photopigment bleaching due to eye blinking or closure, subjects were instructed to keep their eyes open during the 5-s exposure. The subjects' eyes were monitored during the exposure (via the infrared camera and monitor), so if the experimenter observed that the test beam was occluded by blinking or eye closure, the trial was repeated. Subjects were instructed to indicate when they could first perceive the grating. The time necessary to recover central visibility of the grating stimulus was measured with a stopwatch. After photostress recovery was achieved, a 2-min waiting period, before the next stimulus presentation, was observed.
Measurement of Macular Pigment Optical Density
Macular pigment was measured using a macular densitometer that was first described by Wooten et al. (1999) 14 (Macular Metrics, Rehoboth, MA). This device, which presents stimuli in free view and uses heterochromatic flicker photometry (HFP), was used to obtain spatial distribution profiles of MP optical density (MPOD) at 20Ј, 30Ј, 1°, 3°, 5°, and 7°eccentricities along the horizontal meridian of the temporal retina. Ten degrees was used as the reference location, where it is assumed that MP has declined to near zero density. In brief, this method uses naturally viewed stimuli produced by light-emitting diodes. The 1-degree 458-nm test stimulus, the radiance of which is adjusted by the subject, was presented in square-wave counterphase with a 570-nm reference field (7.4 cd/m 2 ). The test was presented near the center of a 470-nm circular background (4.6 cd/m 2 ). Light for the measuring, reference, and background fields was produced by 20-nm halfpower bandwidth light-emitting diodes with peak energy at 458, 570, and 470 nm, respectively (Nichia Corp., Mountville, PA). The measuring and reference fields were presented at an alternation rate of approximately 18 to 20 Hz in the foveal condition, and 7 to 10 Hz in the parafoveal condition. This flicker rate was optimized for each subject to achieve a relatively narrow null zone (about 0.10 log units). MPOD at 20Ј and 30Ј eccentricity was measured using circular targets of that diameter. The 1°and 3°m easures were made using thin annuli having those radii. The 5°, 7°, and 10°(reference) measures were made using a tiny (5 min) red fixation point that was located to the right of the background; subjects fixated this point when making the parafoveal measurements. The logarithmic ratio of test/reference 458 nm energy yields a measure of MPOD at a given test locus. Subjects were given brief instructions on the method and a practice trial before testing. Five measures were made at each locus assessed, including the 10°reference locus. The average of the five measures was used to calculate MPOD. The HFP technique has been validated by measuring the entire spectral absorption curve which corresponds closely to the extinction spectrum of the macular pigments measured ex vivo. 15, 16 Given the high reliability of the MP measurement technique, 16, 17 we elected to limit subject assessment to only one experimental session.
The relation between MP at each eccentricity measured (as well as an integrated MPOD measure) and glare disability and photostress was evaluated. Statistically significant relations were found for all measures (except 5°and 7°) that were proportional to the between subject variation in MP density (MP varies more in the center than at more eccentric locations). This is not surprising because the magnitude of the correlations decline with restricted range and most subjects decline to levels near zero past 5°. The standard 30Ј measure proved to explain the greatest proportion of variance in our dependent glare measures. We therefore used the 30Ј MPOD measure for all subsequent statistical analyses.
RESULTS
Despite the fact that our subjects were relatively young (average age ϭ 24.2 years), we found wide variability in all of the dependent measures that we assessed. For example, MP density at 30Ј eccentricity ranged from 0.08 to 1.04 OD with an average of 0.46 (SD ϭ 0.23). This average is slightly higher than averages typically reported, probably because we attempted to recruit subjects that would represent a wide range of MP densities, thus including a disproportionately large number of subjects with high (Ͼ0.70) MP density. Subjects also varied widely on the amount of glaring light that could be withstood before the target grating was no longer visible. For example, for the achromatic condition (relatively broadband light), subjects' annulus intensity settings ranged from 2.2 to 3.6 log units of energy (W/cm 2 ) with an average of 2.7 (SD ϭ 0.32). This range represents a change in light intensity by a factor of 25. Similarly, photostress recovery times varied widely. For example, the range in foveal glare recovery time after exposure to xenon-white light was 20 to 46 s (average ϭ 29.8, SD ϭ 5.7 s), and the range in parafoveal glare recovery time was 54 to 99 s (average ϭ 79.5, SD ϭ 13.2 s).
Our main research question was whether MP density covaried with glare disability and recovery times. As shown in Fig. 1 
, MP
The Glare Hypothesis of Macular Pigment Function- Stringham and Hammond 861 was strongly related to glare disability assessed in white light. Subjects with higher MP levels were able to withstand greater amounts of veiling glare caused by broadband (perceptually white) light (r ϭ 0.76, p ϭ 0.0001). Similarly, photostress recovery time, after exposure to white light, was significantly shorter for subjects with higher MP levels (r ϭ Ϫ0.79, p ϭ 0.0001; Fig. 2 ). The relation between MP and glare disability was found to be strongly wavelength dependent. MP was related, for example, to glare disability at 440 (Y ϭ 0.79X Ϫ 7.9, r ϭ ϩ0.36, p ϭ 0.032) and 460 (Y ϭ 0.80X Ϫ 8.2, r ϭ ϩ0.34, p ϭ 0.039) but not at 550 (Y ϭ Ϫ0.10X Ϫ 8.5, r ϭ Ϫ0.06), 580 (Y ϭ Ϫ0.03X Ϫ 8.6, r ϭ Ϫ0.02), or 620 nm (Y ϭ 0.242X Ϫ 8.4, r ϭ 0.11). Disability glare sensitivity across the spectrum was found to be very similar to photopic spectral sensitivity (Fig. 3) . As can be seen in this figure, the two curves compare quite favorably, suggesting that visibility under glare conditions is primarily driven by photopic spectral sensitivity. We found individual variation in disability glare sensitivity to be high (as shown by the error bars in the figure), particularly so for the shorter wavelengths tested. Because our data (like V ) are specified at the cornea, individual variation in MP and lens optical density probably accounts for some, if not most, of this variation.
The finding that MP was more strongly related to glare disability in the achromatic condition as opposed to the narrow-band SW light was unexpected. In terms of the percentage of light absorbed by MP, a much higher fraction of SW light (e.g., 460 nm), relative to a relatively broadband white is absorbed. In terms of total luminance reduction at the disability glare threshold, however, the integration of MP's light absorption for the xenon-white source results in an overall greater luminance reduction than for a monochromatic 460-nm light. To model this relationship, we multiplied the standard photopic spectral sensitivity curve (V ) with our measured xenon-arc spectrum (which is not perfectly flat due to heat filters, xenon spikes, etc), and integrated luminance across wavelengths absorbed by MP (400 to 520 nm). We then modeled different levels of MP (from 0 to 1.0 log units) to determine the effect of MP's absorption on total luminance reduction for the broadband xenon-white light. The slope of luminance reduction for the xenon-white source as a function of increasing MP level was found to be Ϫ1.26. In other words, compared to someone with no MP, a person with 1.0 log unit of MP would (in theory) experience a 1.26 log reduction in luminance. Our data exhibit a similar relationship, although the effect is slightly reduced (slope of 1.04; Fig. 1) . The difference in slope between our empirical xenon-white (1.04) and monochromatic 460 nm (0.90) functions, 0.14, is also similar to the modeled difference (0.26).
We also found a strong relation between MP density and the time necessary to recover visual function after exposure to a very bright broadband glare source for 5 s. This relation (r ϭ Ϫ0.79, p Ͻ 0.0001) is shown in Fig. 2. Fig. 2 shows the relation between MP and photostress recovery when the subjects were exposed to a 5-degree white glare source centrally fixated. We also assessed this relation, however, when subjects were exposed to the same glare Log radiance (W/cm 2 ) of annulus required to veil grating target, as a function of subjects' MPOD level (specified at 30Ј retinal eccentricity). Dotted line is the least squares regression fit to the data, Y ϭ 1.04X ϩ 2.19; r ϭ 0.764, p Ͻ 0.0001.
FIGURE 2.
Photostress recovery time (seconds) as a function of subjects' MPOD level (specified at 30Ј retinal eccentricity). Dotted line is the least squares regression fit to data, Y ϭ Ϫ19.25X ϩ 39.79; r ϭ 0.785, p Ͻ 0.0001.
FIGURE 3.
Log relative sensitivity (1/energy) as a function of wavelength (nm). Disability glare threshold function compared with human photopic spectral sensitivity function (V ). 23 Error bars indicate Ϯ1 SD from the mean.
862 The Glare Hypothesis of Macular Pigment Function-Stringham and Hammond source 10 degrees in their periphery. Recovery times were, on average, about 2.5 times slower in the periphery and were not related to MP density (p ϭ 0.315). As with disability glare, photostress recovery both in the fovea and parafovea was strongly related to wavelength (both peaking at about 550 nm). This relation is shown in Fig. 4 . As with the disability glare function, the photostress curves are roughly similar to V (note that the ordinate is in terms of recovery time, and not sensitivity). Subtracting the foveal and parafoveal curves yields a difference curve (Fig. 5 ) that illustrates the effect of MP on photostress recovery. As shown in Fig. 5 , the difference curve roughly mimics the absorption characteristics of MP.
DISCUSSION
Disability glare is caused by the forward scattering of light and results from veiling illumination that directly reduces the contrast of an image. Our results show that there is a strong relation between MP density and glare disability. In fact, individual variation in MP density explained 58% of the variance in grating visibility when using a broadband glare source (i.e., achromatic xenon-white light). The mechanism mediating this effect appears to be largely based on filtering. Glaring sources that were composed of light not absorbed by MP did not show a relation. Although the results were wavelength dependent, the strongest relation was seen for the white broadband source as opposed to the narrow-band SW glare sources. This result is probably due to the fact that disability glare is strongly dependent on the total luminance produced by a light source. Thus, the overall effect of filtering is stronger when integrated across wavelengths as opposed to considering narrow-band SW sources.
When light levels are moderate or low, a reduction in luminance is generally detrimental. At high light levels, however, visual performance generally improves when luminance is reduced. Strictly speaking, in our disability glare experiments, MP did not filter the glare source directly, but rather filtered the veiling luminance of the target to a degree that was proportional to a subjects' MP level. For improving central visibility of a target under high-light conditions, the filtering and spatial characteristics of MP are ideal. For example, most high-performance spatial tasks use wavelengths outside the main absorption band of MP (i.e., ϳ520 to 580 nm). Additionally, recent evidence indicates that suppression of koniocellular (i.e., s-cone system) input by yellow filters enhances function of the magnocellular system. 18 This effect would serve to increase sensitivity (thereby increasing effective luminance) for regions of the retina that are "yellow-filtered."
The important effect of a yellow filter that preferentially screens the fovea can also be seen when examining photostress recovery times. This measure determines the time necessary to recover function (e.g., contrast discrimination) after exposure to a bright glare source. As shown in Fig. 2 , we found a strong inverse relation (r ϭ Ϫ0.79) between MP density and glare recovery time. For example, the subject with the highest MP density regained functional vision over twice as fast as the two subjects with the lowest MP density. Plotting the ratio of parafoveal to foveal recovery times across wavelength yields a difference spectrum that shows a peak at 460 nm (Fig. 5 ) which is consistent with the MP absorption spectrum. This similarity suggests that filtering is also the primary mechanism by which MP reduces photostress recovery time (i.e., it prevents the bleaching of photopigment). Improvement in glare recovery has important practical implications when considering scenarios such as blinding headlights. The relation between MP and photostress recovery might also partially explain why certain groups have slowed glare recovery. For example, Sandberg et al. has shown that photostress recovery is slowed in patients with AMD. 19 Beatty et al. 20 and Bone et al. 21 have shown that AMD patients often have reduced levels of MP. Our results suggest the possibility that slowed photostress recovery in patients might be at least partly due to reduced levels of MP for those groups.
Visual difficulties due to glare are a common complaint in the elderly and subjects with AMD. 22 Consequently, reducing the visual effects of glare is highly desirable. The results of the present study (regarding disability glare and photostress recovery), and results of our previous studies 12, 13 of visual discomfort indicate a significant beneficial effect of MP on visual function under glare conditions. Taken together, these findings support the glare hypothesis of MP function as originally formulated over seven decades ago. Importantly, however, our results also show that the influence of MP on glare disability is strongly dependent upon the specific spectral conditions of the stimulus. MP will not reduce glare disability when the glare is not produced by light containing a significant proportion of short-wave energy. Increased MP density will also not reduce glare disability when the wavelength conditions between the target and surround are the same. If MP absorbs light from both the target and surround in equal proportion, that ratio will stay the same irrespective of MP level. In such instances, high MP levels might reduce photostress and glare discomfort but it will not make a target more visible (i.e., improve glare disability). This same interpretation could be applied to other yellow filters (e.g., tinted intra-ocular lenses) and may explain why yellow filters improve visibility in some situations but not others. [23] [24] [25] This latter point raises the question of whether our results, especially on glare disability, are valid in an ecological sense. This is a common concern with laboratory data and one that must be addressed before the results can be meaningfully applied to real world situations. It is an important question, however, because it raises the issue of why humans accumulate MP at all. It is unlikely that the mechanisms governing MP deposition evolved to protect the retina from actinic damage (the protective hypothesis) because most of the damage is manifest past the reproductive period. Influences on visual performance (e.g., under glare conditions), however, can affect survivability throughout life and therefore may have been a selective factor. We are currently examining whether increasing MP by supplementing L and Z can decrease disability arising from glare sources for individual subjects.
